T he speciation and transport of the proton in water has been vigorously explored both experimentally and theoretically for well over a century [1] [2] [3] [4] . Although it is ubiquitous throughout chemistry and biology, a detailed molecular-level understanding of the structures adopted by the excess proton in water remains elusive. Infrared spectroscopy has proven to be particularly valuable for studying this phenomenon due to its sensitivity to hydrogen bonding. Strong acid solutions show a continuum infrared absorption spanning from < 1,000 cm −1 to > 3,000 cm −1 that is attributed to the aqueous proton. Fifty years ago, Georg Zundel ascribed this continuum to the large polarizability of the excess proton shared between two water molecules, and explained that this H 2 O···H + ···OH 2 (H 5 O 2 + ) structural motif could be characterized by a fluctuating low-barrier double-minimum potential energy surface [5] [6] [7] . Historically, analysis and discussion of the acid infrared continuum and proton transport dynamics have been, and continue to be, centred around two limiting structures: the H 5 8, 9 . Detailed experimental interrogation of the aqueous proton's hydration structures has been hindered due to rapid fluctuations in the water hydrogen bond network, which blur these structural motifs, and computational studies have arrived at different conclusions. Nevertheless, recent advancements in ultrafast infrared spectroscopy [10] [11] [12] [13] [14] and theoretical methods 13, [15] [16] [17] [18] [19] have pointed to the importance of a Zundel-like arrangement. However, many questions still exist. What are the populations of Eigen-like and Zundel-like configurations? How does one distinguish these species? Are geometric parameters useful representations of the aqueous proton? 13, 20 Is a Zundel-like structure best described in terms of a symmetric O-H + -O potential 12 or as a distribution of instantaneous structures? 13 And particularly important for answering these questions, how can spectroscopic observables be used to describe the aqueous proton complex?
The Fourier transform infrared (FTIR) absorption spectra of 2 M HCl and neat water are displayed in Fig. 1 . Following subtraction of the neat water spectrum, three distinct features centred near 1,200, 1,750 and 2,950 cm −1 are observed on top of the continuum background. We further divide the acid continuum into the four regions labelled I-IV in Fig. 1 . Although the assignments for these features to Eigen and Zundel species are subject to debate, there are some leading proposals that derive from model gas-phase cluster spectra [21] [22] [23] [24] and theoretical predictions 13, 15, [25] [26] [27] [28] . The feature centred at 1,200 cm −1 in region I is most often attributed to the stretching motion of the strongly bound proton within a Zundel arrangement 12, 13, 15, 21, 22 . The 1,750 cm −1 transition, blueshifted by ~100 cm
from the bulk water HOH bend, is associated with bending motions of the aqueous proton complex 10, 11, 15, 21, 25, 26, 28 . The weak, broad background comprising region III (~2,000-2,800 cm
) and the feature centred at 2,950 cm −1 in IV have been broadly attributed to flanking water OH stretches in more Eigen-like or Zundel-like configurations, respectively 10, 11, [13] [14] [15] 23, 25, 26, 29 . Other contributions within each region have also been suggested, and calculations have predicted strong anharmonic coupling between these modes that mixes their intensities 15, 28 . Two-dimensional infrared (2D IR) spectroscopy is an excellent platform with which to obtain new insights into the assignments of the acid continuum transitions and the nature of the hydration complex. 2D IR spectroscopy monitors the change in absorption at a detection frequency ω det following excitation at frequency ω exc for a given waiting time between excitation (pump) and detection (probe) pulses. Spectral features along the diagonal frequency axis occur in pairs: a positive peak resulting from the 0 ↔ 1 transition between the vibrational ground and first excited state at frequency ω 10 , and a negative 1 → 2 excited-state absorption at frequency ω 21 . Sloping in the 2D lineshapes reveals heterogeneity in the vibrational potential of the system, while varying the pump and probe polarization can uncover structural information on bond orientation. Critically, offdiagonal 2D IR spectroscopy cross-peaks that connect resonances at different frequencies are indicators of anharmonic couplings that arise between the multiple vibrations of a distinct chemical species.
To this end, Thämer et al. observed a strong cross-peak between redshifted OH stretches excited near ω exc = 3,200 cm , showing that the ω 21 transition frequency was higher in energy than ω 10 . This observation indicated the presence of a low-barrier double-well proton stretch potential that is often associated with the Zundel ion 7 . Both of these studies provided compelling evidence for the presence of a Zundel-like species, but observed limited spectral windows within the acid continuum. Using our latest experimental capabilities, we performed ultrafast broadband 2D IR spectroscopy spanning nearly the entire mid-infrared continuum along both the excitation and detection axes (1,100-3,000 cm ) with sufficient time resolution to capture the aqueous proton's local hydration structures and with polarization sensitivity to guide vibrational assignments. These experiments provided comprehensive spectroscopic insight into the specific structures and vibrational motions that give rise to the acid continuum infrared absorption, revealing that the vibrational spectrum of strong acid solutions can be fully described in terms of surprisingly long-lived structural distributions of Zundel-like H 5 O 2 + core species.
Results and discussion
Overview of 2D IR spectra. Figure 2 displays the broadband 2D IR spectra of 2 M HCl for excitation in regions I, II and III after subtracting the neat water background spectra. Additional spectra for other excitation frequencies are provided in Supplementary Fig. 1 , and the 2D IR spectra of H 2 O are shown in Supplementary Fig. 2 . Although these spectra are windowed by the spectral bandwidth of the excitation pulses ( Fig. 1) , the broad detection bandwidth and the ability to isolate specific cross-peaks allow us to establish several new spectral correlations. Importantly, the 2D IR spectra reveal distinct vibrational transitions within regions I, II and III. Most surprising is the new intense transition in region III of the nonlinear spectrum that corresponds to a point of minimum absorption in the linear spectrum ( Fig. 1 ). Intense off-diagonal cross-peaks are present between each of these transitions, indicating strong coupling between their degrees of freedom on the fastest measurable timescales. This observation provides clear evidence that the continuum transitions are intimately interdependent, deriving from a single spectroscopically distinct chemical species, rather than the presence of separate species defined within the context of the traditional limiting Eigen and Zundel structures.
Analysis of the shared proton stretch transition. To assign resonances and identify this species, we looked in more detail at the information content provided by the different regions of this spectrum. Beginning with the diagonal region of I, excitation of the 1,200 cm −1 resonance gives rise to the doublet shown enlarged in Fig. 3a . The most striking observation is the intense ω 21 transition centred near (ω exc , ω det ) = (1,200, 1,360) cm −1 , which indicates that ω 21 (1,360 cm −1 ) lies higher in energy than ω 10 (1,200 cm −1 ), in contrast to typical anharmonic vibrational potentials where ω 21 is lower in energy. This indicates that the shape of the vibrational potential is steeper than a harmonic form, as expected for a strongly hydrogen-bonded O-H + -O potential in which the zeropoint energy exceeds the height of the internal barrier (shown in Fig. 3b ) and is often associated with a Zundel-like arrangement. This observation is consistent with ref. 12 ; however, with the much broader bandwidth of the current measurements we reveal a stretched lineshape that indicates unusually high inhomogeneity, characterized by a centre-line slope of ~0.7, as illustrated by the white lines in Figs. 2 and 3a. The data therefore reflect a broad distribution of proton stretching transitions resulting from shape variations within low-barrier proton stretch potentials 13, 16, 17 . Variation in the potential, in turn, reflects configurational variations of the solvation structure 13, 17 . Importantly, the inhomogeneity persists for > 200 fs ( Supplementary Fig. 3 ), well beyond the ~100 fs lifetime 12 of the proton stretch vibration, illustrating the relatively long-lived nature of the aqueous proton complex and its insensitivity to local 1,000 1,500 2,000 2,500 3,000 3,500 excited-state absorptions. The three spectra were collected with the red, orange and blue excitation spectra shown in Fig. 1 , and probed continuously from 1,130 to 3,000 cm −1 using magic angle polarization. Measurements were collected at the earliest waiting times that ensured separate excitation and detection pulses (100 fs for exciting II and III, and 150 fs for I). Centre lines highlighting lineshape inhomogeneity are shown in white when exciting in region I. Orange and blue dashed lines correspond to slices displayed in Fig. 1. ultrafast solvent fluctuations over this timescale. This observation is consistent with our recent analysis of the aqueous proton bend diagonal region (II), which revealed a similarly persistent inhomogeneously broadened ω 10 resonance, in addition to an orientational anisotropy that persisted for picoseconds 14 . We also studied the concentration dependence of this lineshape between 0.5 and 2.0 M HCl, as shown in Supplementary Fig. 4 . The 1 M spectrum is consistent with the 2 M spectrum shown in Fig. 3a . For 0.5 M HCl, the strong homogeneous background water absorption in this region dominates the signal, and must be taken into account to determine the lineshape. We conclude, within the limits of our subtraction procedure, that the ω 21 transition remains inhomogeneous even at this lowest concentration. Furthermore, Supplementary Fig. 4 shows that the ω 10 ground-state bleach 2D lineshape is likewise significantly inhomogeneously broadened.
We can draw further conclusions about the shape of the proton stretch potential by analysing the ω 21 lineshape in terms of the ratio of the ω 21 and ω 10 transition frequencies: γ = ω 21 /ω 10 . From the peak excitation and detection frequencies in Fig. 3a , we observe that the peak is centred at γ ≈ 1.1, and the lineshape lies within a frequency range windowed by the limiting values of γ = 1.0 (the harmonic limit) and 1.33. This distribution of frequencies can be modelled with the aid of a low-barrier quartic potential of the form V(r) = μr 4 -κr 2 + βr ( Fig. 3b and Supplementary Figs. 10-14 and discussion therein) with considerable variation in the steepness µ and linear asymmetry β. For a barrierless, symmetric ideal quartic potential (κ = β = 0), γ = 1.33, consistent with the upper experimental limit. Addition of a low barrier (κ > 0) within a symmetric potential well (β = 0) results in an increase in γ > 1.33. Therefore, an ideal symmetric Zundel ion potential does not accurately describe the data. Inclusion of asymmetry in the potential (β > 0), as expected for the electric-field-induced distortions originally proposed by Zundel, yields the experimentally observed γ < 1.33 and suggests an intrinsic asymmetry to the potential. ω 21 is largely insensitive to variations in asymmetry (see, for example, refs.
11 and 12 and Supplementary  Fig. 4 ) and therefore does not account for the substantial inhomogeneity we observe in the ω 21 lineshape. Instead, we find that the ω 21 lineshape is dominated by distributions in the steepness of the potential, as variation in μ strongly influences the v = 2 level and thus the ω 21 frequency. The steepness, in turn, is governed by the O-O distance between the water molecules sharing the excess proton.
These contrasting patterns of frequency variations for the 0, 1 and 2 vibrational levels for changes in μ and β are illustrated pictorially in Fig. 3b . Critically, the long-lived lineshape inhomogeneity observed in both ω 10 (which is particularly sensitive to asymmetry; see Supplementary Figs. 4 and 12) and ω 21 suggests a persistent distribution of potential parameters β and µ, and thus a long-lived distribution of underlying structures. Although this is a qualitative model and other models are capable of explaining the data, it does demonstrate that the data reflect a potential with walls steeper than a harmonic potential and a shallow asymmetric well lying below the zero-point energy. As such, we define the shape of the potential as Zundel-like.
Even with knowledge of the transition frequencies and shape of the potential, it is not straightforward to draw definitive structural conclusions. The recent theoretical analysis of ref.
13 demonstrated that such Zundel-like proton stretching potentials can in fact arise from a continuum of configurations between traditionally defined Eigen and Zundel geometric criteria, and predicted nearly identical infrared spectra for Eigen and Zundel configurations in solution. Therefore, the description of the vibrational potential for the aqueous proton and structural interpretations requires an understanding of additional coordinates within the vibrational spectrum. We emphasize that the comprehensive data reported here now provide a stringent benchmark for higher-level theoretical analyses.
Polarization-dependent proton stretch-bend coupling. An intense cross-peak at ω det = 1,750 cm −1 is also observed immediately after excitation at 1,200 cm −1 (Figs. 2 and 4a ), indicating strong anharmonic coupling between the aqueous proton bend and proton stretching modes. The excited-state absorption at ω det = 1,900 cm −1 reflects a transition to a stretch-bend combination band, and the 150 cm −1 splitting of the cross-peak doublet is a good estimate of the strength of coupling between these modes. This coupling constant is enormous in comparison to typical couplings in polyatomics of < 15 cm
. Indeed, strong anharmonic mode-mixing between proton stretch and bend modes in Zundel complexes has been predicted theoretically 15, 28 and demonstrated experimentally in mixed-isotope gas-phase Zundel ions 30 . Invoking a two-coupled-mode model, the ~150 cm −1 coupling implies that local mode proton stretch and bend centre frequencies occur near ~1,245 cm −1 and ~1,705 cm −1 , respectively. However, we find that all transitions observed in our experiment, and summarized in Supplementary Fig. 5 , cannot be satisfactorily described with only two strongly coupled modes. Finally, we note that the ω det = 1,900 cm −1 transition likewise displays diagonal elongation indicative of correlated fluctuations between the proton stretch and bend resonances.
The polarization dependence of this cross-peak, shown in Fig. 4a , offers important new clues into the nature of the proton stretch-bend coupling and the assignment of the vibrational modes. Interestingly, the combination band displays dominant parallel preference. This observation is further corroborated by the polarization dependence of the cross-peaks to the proton stretch after excitation of the proton bend, as displayed in Fig. 4b . This crosspeak also displays a strong parallel preference with an excitation maximum at 1,725 cm stretching and HOH bending coordinates along a common O-O axis 15, 21, 28 . We note, however, that the relatively strong signals and lineshape differences seen in the perpendicular cross-peaks indicate that other proton-related bending modes that lie orthogonal to the proton sharing O-O axis 15, 25, 26, 31 are probably also present. , which we attribute to a different mode of bending vibration perhaps derived from bulk-like solvation shell water molecules.
Taken together, the long-lived proton stretch lineshape inhomogeneity, strongly aligned proton stretch-bend cross-peaks, and our recent observation of picosecond reorientational dynamics of the proton bend 14 indicate the presence of a persistent pair of unique, strongly hydrogen-bonded water molecules sharing the excess proton. The observation of such a long-lived, strongly bound pair of water molecules leads us to define the structure of the aqueous proton complex as Zundel-like. We emphasize, however, that this definition is broadly defined, as the distribution in potential parameters and underlying structures discussed above within this general H 5 O 2 + framework probably results in geometries that lie betweenand include-the traditionally defined Eigen and Zundel limits.
Spectroscopic characterization of the flanking OH stretch region.
Region III, spanning ~2,000-2,800 cm
, which has not been investigated in detail previously, gives rise to surprisingly strong 2D bleaches, in stark contrast to the low absorption in the FTIR difference spectrum in this region. This difference between the FTIR and 2D IR spectra probably derives from the quartic intensity scaling of the 2D measurement. These observations indicate that region III is not part of a featureless continuum background that spans all regions, but has distinct molecular origin.
Additional insight into the origin of these vibrations is obtained from the polarization dependence of the cross-peaks to regions I and II after excitation in regions III-IV (Fig. 4c ) and the related cross-peak to III after excitation of I (Supplementary Fig. 6 ). In both cases, the cross-peaks display clear perpendicular preference. Therefore, distinct vibrational motions exist in regions III and IV, which are preferentially aligned perpendicular to the shared proton O-O axis. This rules out the possibility that this feature arises predominantly from the proton stretch 0 → 2 overtone transition expected at ω 21 + ω 10 ≈ 2,550 cm −1 or combination bands involving low-frequency O-O modes, because these would display a parallel polarization preference. Furthermore, as seen in Fig. 4c and Supplementary Fig. 7 , to the best of our ability given the bandwidth limits of the tuned excitation pulses, the cross-peaks appear as a continuous transition with perpendicular preference spanning ω exc < 2,000 cm −1 to > 3,200 cm
. This suggests that a single common motion with a net transition dipole moment orthogonal to the shared proton O-O axis spans regions III and IV. Our previous work 10 exciting at ω exc = 3,150 cm −1 revealed a cross-peak to the proton bend at 1,750 cm
, which also displayed strong perpendicular preference (Supplementary Fig. 7) . When considering the bandwidth of the excitation pulses in that study, it appears that this cross-peak was sampling the high-frequency wing of the continuous band measured here. From these observations, the most likely assignment for this broad continuum absorption comprising regions III-IV is the flanking water OH stretching modes of the water molecules directly sharing the excess proton. Various modes of flanking water stretching vibration are present, most of which have a component of their transition dipole moment perpendicular to the shared proton O-O axis. Even the asymmetric motion with the same symmetry as the flanking water bend and shared proton stretch lies mostly perpendicular for all but planar H 5 O 2 + geometries. This assignment is consistent with the recent simulations in ref. 13 that predicted a continuous distribution of OH stretches centred near 2,500 cm
derived from the four flanking OH oscillators, the analysis of OH stretching in clusters drawn from simulations in refs. 15, 32 , and recent spectroscopic analysis of correlated proton and flanking OH stretch transition frequencies in gas-phase protonated water clusters in ref. 29 . The presence of one continuous, intense and highly redshifted flanking OH stretching transition suggests that the proton's excess positive charge is delocalized over the entire H 5 O 2 + core structure 17, 19, 33 , leading to strong and extremely frequency-sensitive hydrogen bonds to the first solvation shell waters. The hydrogen bonds to these flanking OH groups are therefore stronger and more sensitive than typical water-water hydrogen bonds. This does not rule out more delocalized structures 33 ; however, when considering the picosecond kinetics of proton transfer recently measured for this species 14 , we believe that any waters outside this core would be very dynamic and rapidly exchanging.
Conclusions.
A simple model summarizing the vibrational transitions that constitute the acid continuum, based on the measured 2D IR cross-peaks and their polarization dependencies, is shown in Fig. 5 . Most importantly, the observations of immediate, strong and highly polarized cross-peaks between each resonance within the continuum and a single, broad flanking OH stretching transition are inconsistent with the chemically distinct and traditionally defined Eigen and Zundel ensembles. Instead, our experiments indicate that the aqueous proton complex is best described in terms of a single spectroscopically distinct species: a relatively long-lived distribution of Zundel-like, charge-delocalized H 5 O 2 + core structures with shared protons that reside in low-barrier, asymmetric potentials. Significant variation in potential parameters implies large structural distributions in proton asymmetry and O-O distance within the H 5 O 2 + framework. Therefore, our definition of 'Zundel-like' is broad and does not exclude configurations that might be best characterized geometrically as more Eigen-like. Importantly, this inhomogeneous structural distribution persists on timescales > 200 fs. The comprehensive experimental data presented here should make it possible to place tighter constraints on the shape of the aqueous proton's multidimensional potential energy surface and geometric distributions, and evolves the model first put forth by Zundel nearly 50 years ago 5 . With further detailed analyses of the relaxation dynamics within each spectral region and the time dependence of the proton potential energy surface, it should be possible to better characterize and elucidate the Grotthuss proton transfer mechanism.
methods
The 2D IR spectrometer used a Ti:sapphire regenerative amplifier to independently generate femtosecond mid-infrared pump and probe pulses. Excitation pulses in regions II, III and IV were generated using difference-frequency generation in 0.5 mm AgGaS 2 , resulting in 50 fs pulses with full-width at half-maximum (FWHM) of > 300 cm −1 (ref. 34 ). To excite region I, a 1.0 mm crystal was used to achieve greater pulse energy (~2 μ J per pulse) and to avoid chirp, resulting in a pulse centred at 1,250 cm −1 with 200 cm −1 FWHM and 100 fs duration. Probe pulses were generated using the plasma-based source described previously 35 , resulting in weak 50 fs broadband infrared spanning from < 1,000 cm −1 to > 4,000 cm −1 . Broadband infrared pulses were split into a probe and reference field. Interferometric autocorrelations of the excitation pulses are given in Supplementary Fig. 8 and the cross-correlation between excitation and detection pulses is shown in Supplementary Fig 9. An excitation pulse pair with delay τ 1 was generated in a Mach-Zehnder interferometer using two KBr beamsplitters and a high-accuracy translation stage. The pulse pair passed through a zero-order CdSe waveplate and ZnSe wiregrid polarizer to control the pump polarization with respect to the broadband probe. Pump and probe pulses were focused into a sample held between two 1-mm-thick CaF 2 windows with a 6 μ m spacer. The transmitted probe was dispersed by a monochromator onto one stripe of a 2 × 64 HgCdTe array detector, and the reference pulse was aligned onto the second stripe to correct for intensity fluctuations. The nonlinear signal was differentially measured as a change in absorption of the probe pulse induced by the pump pair as a function of τ 1 , as described previously 34 . For each detection frequency (pixel), the Fourier transform of this absorption with respect to τ 1 generated the excitation axis. To cover the complete detection axis from 1,130 to 3,000 cm −1 , spectra from five grating positions were stitched together.
Data availability. The data presented in this study are available from the corresponding author upon request.
